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PREFACE 


The work described in this report was performed by the Guidance and 
Control Division of the Jet Propulsion Laboratory for the NASA/ Ames 
Advanced Space Projects Office, and was first presented at the XXVth 
Congress of the International Astronautical Federation. 
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ABSTRACT 


This report deals with onboard optical approach guidance measurements 
for sr jin- stabilized Pioneer-type spacecraft to improve spacecraft targeting 
accuracy and onboard fuel economy by supplementing earth-based radio 
navigation. Approach guidance measurement accuracy requirements vs 
advanced Pioneer mission requirements are outlined. The sensor investi- 
gated in this report is a V-slit star tracker. The application concept and 
operation principle of the sensor are discussed within the context of approach 
guidance measurements and measurables. It is also shown that the accuracy 
of onboard Optical approach guidance measurements is inherently coupled to 
the stability characteristics of the spacecraft spin axis. Extensive sets of 
geometrical and physical measurement parameters are presented for 
Pioneer entry probe missions to Uranus via Jupiter or Saturn flyby. The 
measurement parameters are related to the Uranus encounter phase of both 
missions as well as to the Saturn flyby phase of the Saturn-Uranus mission. 
The impact of the measurement parameters on both s^'nsor instrumentation 
and measurement system design is discussed. The need for sensing extended 
objects is shown. The report concludes with the indication of the feasibility 
of implementing an onboard approach guidance measurement system for 
Pioneer-type spacecraft. The Appendix briefly describes two Pioneer 10 
onboard measurement experiments performed in May- June 1974 by using 
the imaging photopolarimeter locked on Jupiter in the imaging mode to study 
the spin axis stability of Pioneer-type spacecraft at a fine (-6-10 arc- sec) 
resolution level. 
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APPROACH GUIDAMCE FOR OUTER 
PLANET PIONEER MISSIONS 

Antal K. Bojczy 
Mcmbor of tho Technical Staff 
Jot Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91 103 


I, Introduction 

In the last few years, a great deal of interest 
has developed for in-situ Investigation of tho 
atmospheres of the outer ] lanots. Scientific rea- 
soning indicates that those atmospheres may 
represent a storehouse of information on the 
evolution of tho solar system. The Outer Solar 
System Science Advisory Group of NASA has 
recommended that a series of Plonoer-typo mis- 
sions to be launched to Saturn and Uranus in 1979- 
1980 be studied in greater detail, (Ref, 1. ) In 
particular, tho study of tho following two missions 
has been recommended: 1979 Pioneer Entry Probe 
to Saturn and 1980 Pioneer Entry Probe to Uranus 
via Saturn Flyby or, alternatively, via Jupiter 
Flyby, Pursuing these recommendations, mis- 
sion planning studies have been undertaken for 
Pioneer-type Saturn/Uranus Atmospheric Entry 
Probe Missions, (Ref, 2, ) 

Joining the mission planning studies, this paper 
deals with an overall parametric system analysis 
of tho use of an optical approach guidance measure- 
ment system onboard a Pioneer-typo spin- stabilized 
spacecraft for outer planet missions. For a num- 
ber of advanced Pioneer missions, a "radio plus 
optical" approach guidance technique has been pro- 
posed in previous studies {Refs. 3, 4, 5} to satisfy 
both terminal accuracy requirements and onboard 
fuel economy. Expected terminal accuracy 
improvements and onboard fuel saving resulting 
from a "radio plus optical" guidance and navigation 
have boon quantitatively outlined in Ref. 6 for three 
different outer planet Pioneer missions. For a 
three-axis stabilized Mariner-type spacecraft, the 
feasibility of using an onboard TV camera for 
precise terminal guidance and navigation has 
already boon demonstrated at JPL (Refs, 7, 8). 

The approach guidance measurement system 
investigated in this paper employs a V-siit electro- 
optical "star plpper" (Refs. 3, 4, 5). It can be a 
separate instrument or, eventually, combined with 
an onboard "imaging" system (Ref, 9). The sensor 
concept is similar to that which has successfully 
been applied to attitude determination of some ct 
the earth-orbiting spin-stabilized satoilltos as, 
for instance, the OSO-7 satoilito (Ref. 10). Tho 
sensor system contains a small telescope (3 dog 
field-of-viow) with a V-sLit reticle at the linage 
plane, a photomultiplier, and appropriate data 
processing electronics. The slit width of the V- 
shaped reticle is 20 arcscc. The optical axis of 
the sensor can be gimbaliud relative to the space- 
craft spin axis. Due to the spacecraft spin, the 
sensor fleld-of-view scans an annular strip of the 
celestial sphere. As the images of detectable 
stars and the target (satellites of a planet or the 


planet Itself) pass tho V-slit, tho photodetcctor 
generates a sequence of pulse pairs. The timing 
of the pulse signatures can be used to determine 
the angular position of the target relative to Iden- 
tifiable reference stars as scon from the 
spacecraft. 

This study considers the use of optical measure- 
ments of the satellites of Saturn and Uranus against 
tho star background. Measuring the angular posi- 
tion of the satellites against the star background as 
tho satellites revolve about tho planet, the bary- 
centor of tho system can be determined which is 
tho sought data for approach guidance. (Refs, II 
and 12, ) To satisfy approach guidance accuracy 
requirements, the precision needed in tho deter- 
mination of the relative spacecraft-target direc- 
tion is iOO to 150 prad, which in turn requires 40 
to 60 prad sensor data accuracy. 

Beyond tho physical characteristics of the 
V-slit sensor instrumentation, two factors criti- 
cally influence the required moasuromont accu- 
racy: measurement geometry and spacecraft 
attitude. Both factors arc evaluated in depth with 
respect to two alternative outer planet Pioneer 
missions: Saturn-Uranus and Jupitcr-Uranus 
atmospheric entry probe missions with departure 
from Earth In Novembor/December 1980, A 
comprehensive set of moasuromont geometry 
param ’tiers arc presented for both tho Saturn 
flyby ai.a Uranus approach mission phases. 
Available data on attitude performance of Pioneer 
and other spin-stabilized spacecrafts (Refs, 10, 

13, and 14) are employed in the analysis, A 
brief, preliminary evaluation of long-term attitude 
stability measurements of Pioneer 10 by using the 
onboard Imaging PhoLopolarlmeler with the 100 
arcsac squar* aperture locked on Jupiter for B to 
28 hours in May/June 1974 is presented in the 
Appendix. Reference is also made to a recent 
I V-slit sensor breadboard test, (Ref, 15. } 

In conclusion, a trade-off is presented for 
an approach guidance measurement system for 
advanced outer planet Pioneer missions using 
a V-sllt sensor. The major conclusions arc: 

(1) At Saturn flyby, viewing some of the medium 
period satellites can provide the best moasurc- 
inent results, (2) At Uranus approach, viewing 
the planet itself may offer tho most advantageous 
measurements if an early bus-probe separation 
is r<;)ulred. (3) In all cases, the final measure- 
nient accuracy strongly depends on both the data 
format transmitted to Earth and the applied data 
interpretation techniques using appropriate 
[ models of sensor performance and of spacecraft 
attitude dynamics. 
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II. Mlaston RcgulrcmcntB ^>ntl 
Tipproach Uutdflnc^ 

Exploration of distant solar system objects 
(comets, asteroids, outer planets, and their 
sateUUcs) by space probes requires probe delivery 
accuracies which are beyond the present earth- 
based radio navigation capabilities, Earth-based 
radio navigation for targeting a spacccrah relative 
to a solar system object ossontlnlly utilizes a 
time-dependent vector dlfforonco formed between 
the heliocentric state vector of the target object 
and that of the spacecraft. The accuracy of the 
resultant spacecraft-target difference vector Is 
basically limited by the accuracy at which the 
target ephcmcrls data arc known since the uncer- 
tainty in the target ophemorls data are much larger 
than the error In the best estimate of the spacecraft 
trajectory obtainable from radio tracking. 

The best terminal error using only earth-based 
radio navigation Is listed In the first column of 
Table I for several advanced missions under cur- 
rent study. The terminal accuracy required to 
complete the missions with the desired success Is 
listed in the second column of Table 1, As soon, 
the terminal error obtainable from "radio-only" 
navigation Is several times larger than the desired 
delivery error. To aclilcvc the desired dell-ery 
accuracies by "radio-only" navigation would 
require target ephcmcrls accuracy equivalent to 
0. 1 arcscc or better resolution In earth-based 
target observations. (Depending on the particular 
distant solar system object, the best ephomerls 
data presently available are equivalent to 0.3- 
0, 5 arcsec resolution, ) 

Table 1, Targeting Accuracy Requirements 
and Capabilities 
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• lAKING ACCOUNt Of ACQUISITION RANGE AND Of MIDCOURSE OV ALLOWANCE 


Substantial terminal accuracy improvement can 
be achieved, however, by the application of a 
spacecraft-based approach guidance measurement 
system capable of determining the celestial direc- 
tion of the target mass center relative to the 
spacecraft. In conjunction with earth-based radio 
tracking of the spacecraft, the spacecraft-based 
measurements of the celestial coordinates of the 
target contain the information needed to derive a 
more accurate target-centered position of the 
spacecraft so that the spacecraft position relative 
to the target will bo known to an accuracy reflected 
as an 0. 1 arcscc or bettor target ephemerts 
error. 


The basic goal of an approach guidance 
measurement system Is to obtain spacecraft-basod 
measurements of the spacecraft-target direction 
vector referenced to celestial coordinates. The 
method of obtaining this Information Is that of 
measuring the angular separation between the 
target and known bright stars. If the target is a 
planet, then the monsuremonts can be of the angu- 
lar position of the planet's satellltc(s), and from 
these measurements the angular position of the 
target planet will bo deduced. The error asso- 
ciated with an Indirect determination of the 
planet's angular position can bo less than the 
error related to a direct measurement of the 
planet's angular position relative to known bright 
stars when the planet Is seen as a largely extended 
object from the spacecraft. The measurement of 
angular separation between planetary satellites 
and known bright stars involves only Images of 
point light sources If the spacecraft Is at a suffi- 
ciently large distance from the salelllto{s). 

The accuracy requirements for a spacccraft- 
. based approach guidance measurement system 
should bo viewed together with the onboard fuel 
allowances for trajectory correction maneuvers. 

In a first approximation, the miss distance error 
AD corresponding to a given angular moasuremont 
error Ao Is directly proportional to the spacecraft- 
target distance so thatAD~RAo. On the other 
hand, the equivalent AV velocity maneuver required 
to correct the miss distance error is Inversely 
proportional to the spacecraft-target distance so 
that AV f-'VD/R, Consequently, for a given 
onboard fuel allowance for trajectory correction 
there Is an equivalent approach guidance direction 
measurement accuracy reqLilremont, or vice 
versa. For a given approach guidance measure- 
ment system accuracy, the best practical strategy 
is to perform the measurement and trajectory 
correction process iteratively by removing a 
large portion of the miss distance at an early date 
when the AV requirements are small, and correct- 
ing the residual error at a later date when the 
measurement accuracy is improved. 

Taking account of the considerations above, the 
third column of Table 1 lists the accuracy required 
from the approach guidance measurement system 
to satisfy mission requirements. The fourth 
column of Table I Is specifically related to the 
signal accuracy of a V-slit sensor considered for 
use on a Pioneer-type spin-stabilized spacecraft 
for approach guidance measurements. It is noted 
that the basic quantity measured by a V-slit sensor 
1s time or time difference and not direct angular 
separation between objects which can be provided 
by TV frame measurements. In the case of a 
V-sllt "star pipper", the spacecraft-target angular 
direction is derived from timing measurements. 

Ill, Sensor and Application Concepts 

Consider a small telescope with a V-sllt reticle 
at the Imj-ge plane mounted on a suitable place of 
the spinning spacecraft. If the telescope having a 
6 degree field of view is pointed by degree away 
from the direction of the spin axis, it will under 
ideal conditions inscribe a circular path in the sky 
and sweep a 0 dogroc wide annular strip in the sky 
as the spacecraft rota ,es around the spin axis. 
Detectable stars and the target object appearing 
within the scanned annular strip of the sky will 
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genorato a aoquenco of puUo (or wave) pairs as 
tholr Images pass Iho silt of Iho V-slmpod rotlclo 
which defines the Instantaneous flold of view, 
Accurate timing measurements of the pulses (or 
the center of the waves) can bo used for a precision 
determination of both the Inertial orientation of the 
spacecraft spin axis and the angular position of 
the planetary satellite relative to detectable known 
stars. In particular, the mean time and the 
separation time of each pulse (or wave) pair pro- 
vide the sensed object's clock and cone anyir.ft, 
respectively, defined relative to the spacer 't%,ft 
spin axis, V-sllt typo' sonsors have boon success- 
fully applied to attitude determination of several 
spin-stabilized oarth-orbltlng satcllltoB. (See, 
for Instance, tlcfs. 10, 13, and 14, ) 

The V-sllt sensor under consideration In this 
study has EO arcsec silt width and 3 degree flold- 
of-vlow. The narrow slit width aids the detection 
accuracy of signals coming from point light 
sources. The 3 degree flcld-of-vlcw Is a trade-off 
value to assure a sufficient number of detectable 
stars, brighter than 4 Visual Magnitude (VM), 
wltliln various scanned annular strips of tl»o sky. 
The sweep cone of the sensor can be controlled by 
mechanically glmbalUng the telescope relative to 
the spacecraft spin axis. 

The sensor configuration Is shown In Fig, I, 

As seen, the V-sllt star mapper Is a rolallvoly 
simple sensor, It consists of five major compo- 
nents: objective lens, V-sllt reticle, flold lens, 
photodctoctor, and data processor, The electro- 
optical design considerations for a particular 
V-sllt sensor configuration suitable for approach 
guidance measurements can be found In Ref, IS. 



Fig, 1. V-Slit Star Mapper Configuration 

The V-slit sensor application concept for 
approach guidance measurements Is shown in 
Fig. E, The sensor operation principle is shown 
in Fig. 3. The upper parts of Fig, 3 show the 
operating polar reference frame fixed to the space- 
craft, As seen In the lower part of Fig, 3, the 
fiold-of-vlow has two ((Inionslons: an angular width 
In the scan dircctioni iind a-i- angular length In the 
direction normal to the scan direction. The area 
of sky scanned per revolution depends on the angu- 
lar length of the detector, and the detector angular 
width determines the dwell lime of a signal at a 
given spin rate. The rotation of tlic spacecraft, will 
produce high signal-to-nolso ratio pulses as images 
of stars and the satellite cross the reticle slits. 
Bach object generates a pulse pair. With reference 
to the lower part of Fig. 3, the pulses at t^ and t 3 
arc generated by objects "a" and "b", respectively, 
when they cross the clock angle (vertical) reference 


SPACECRAFT 
SPIN AXIS 



- " II 

IDEAUZEO SENSOR OUTPUT TIME 


Fig, E. V-Sllt Star Mapper 
Application Concept 

slit, Hence, 13 - 1 . Is proportional to the differen- 
tial clock angle between objects "a" and "b". On 
the other hand, the pulses at t 2 and 14 arc genor- 
alod by objects "a" and "b", respectively, when 
they cross the cone angle (slanted) reference slit. 
Hence, t^-ti and t 4 -t 3 are proportional to the 
dlfforontlal cone angle of objects "a" and "b", 
respectively, in the sensor field«of-»isw. It Is 
scon that an accurate determination of angular 
position becomes now a problem of accurate 
moasuremont of time differences. 

Regarding accuracy in time measurements, of 
specific Interest are the signal detection techniques 
applicable to implementing time interval measure- 
ments. The simplest technique is the Indication 
of a fixed threshold crossing, This technique, 
however, introduces error in the clock angle 
measurements since the threshold will trigger .at 
different times for different input amplitudes. 

Tho input amplitude is a function of star or satel- 
lite light intensity. Assuming that the same 
amplitude is generated at each slit, the cone angle 
measurements will not be influenced by this error. 
Tho error In tho clock angle measurements can be 
decreased In several ways. Encoding the peak 
amplitude following a threshold crossing would bo 
perhaps tho most advantageous technique for three 
reasons, First, tho center of tho pulse can bo 
computed by knowing tho crossing time, peak 
amplitude, and filter response. Second, signal 
wave forms resulting from tho sensing of extended 
objects can bo Interpreted more accurately by 
knowing the peak amplitude at each point. Third, 
the measurement of the peak amplitude of star 
pulses will greatly aid the identification of stars 
which Is an all Important element In the approach 
guidance measurement process, 

The apprr.^sch guidance measurement process 
by using a V-slit star mapper onboard a spln- 
stafaUized spacecraft is summarized in a functional 
block diagram in Fig. 4, Though one successful 
measurement can improve the accuracy of tho 
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Fig, 3. V-Sllt Star Mapper 
Operation Principle 

spacecraft-target direction vector, the measure- 
ment and computational process should be repeated 
over the entire orbital period of the sensed satel- 
lite in order to take full advantage of the approach 
guidance measurement system as shown in Ref. 6. 
Of course, if the planetary satcUitc Itself is the 
mission target, then the satellite's ephemorls Is 
the sought final approach guidance data which will 





Fig, 4, Approach Guidance 
Mcasuromont Process 

be considerably Impr JVed by a measurement 
process repeated over the entire orbital period 
of the satellite. It is also noted that more than 
two Identifiable stars within the scanned annulus 
of the sky and repeated scans over the same field 
of view can Improve approach guidance measure- 
ment accuracy within the limits of the fine struc- 
ture stability of the spin axis. 

Recently, a breadboard V-sllt star mapper was 
tested at TRW to determine the feasibility of such 
a sensor to provide the signal accuracy required 
for approach guidance measurements onboard a 
Plonecr-typc spinning spacecraft. (Ref. 15, ) The 
breadboard sensor had the following main charac- 
teristics, Objective lens: 300 mmf. 1. , f/3,5. 
Field lens: 17, 8 mm diameter, 31 mm f. 1. 
Photomultiplier} EMR 541E-01-14 S-20 Photo- 
cathode, Reticle geometry; 15. 88 mm (3,03 dog) 
slit length, 25.4 pm (17,4 arcsec) slit width, 

25,9 deg slant angle for V-shape, Threshold 
detection! 2 KHa BW, 

The test results were encouraging. For a 
40 deg cone angle and with 5 rpm, the error In the 
clock and cone angle measurements of a point 
light source equivalent to 4. 9 VM was In the range 
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of 10>I5 and 15-25 nrcaoc, rcapuctlvoly. Sovural 
tocliniquca have boon auggoatod to improve U>o 
flrat teat rcauUs, 

IV. Mca^'ajpemonta and Monaurnblca 

n il • I 

Tbo primary data Bought in the approach guid- 
ance mcaauromont prucosa ia the angular poalllon 
of planetary aatcllitoa relatlvo to known reforonco 
atara, Tima, the approach guidance aonsor can 
functionally be defined aa an cloctro-optlcal Inatru- 
ment capable of measuring natural aatelUte poal- 
tlona against known background atara aa seen from 
the apacocraft. Since the spacecraft under con- 
aidoratton la a apin-stnbUised vehicle, its natural 
rotation In the inertial apace can conveniently bo 
utilised In a star scanner sensor instrumentation, 

Tho basic measurable is the light radiation 
from stars and the target converted into electrical 
signals by the detector. For sensor design and 
successful performance, tho following measure- 
ment parameters are of specific interest, (1) 
Definition of tho Balelllto(s) which will bo tracked 
by the V-sllt sensor. (2) Appatent size and 
brightness of the tracked satellite as soon from 
tho spacecraft. (3) Apparent separation of the 
tracked 8atollitc(s) from the target planet as soon 
from tho spacecraft. (4) Tho cone angle of tho 
sensor optical axis required to view the satcUlte(s) 
from tho spinning spacecraft. (5) Available star 
background for a required set of viewing cone 
angles. 

Onboard optical approach guidance mcasuro- 
ments by a V-sUt sensor arc inherently coupled 
to tho attitude motion of tho apacocraft since tlio 
moasuroments are relative spacecraft-target 
directions expressed In celestial coordinates, and 
tho sensor's Inertial orientation at any given time 
is a function of the spacecraft attitude. Thus, the 
accuracy of optical approach guidance measure- 
ments by a V-slit sensor Is limited by the accuracy 
to which the attitude of the spln-stablltzod space- 
craft la known at the time when the spacecraft- 
target direction moasurementa are being taken. 
Consequently, the inherent coupling of the onboard 
optical approach guidance measurements loads to 
the problem of precision modelling the attitude 
motion of a Pioneer-type spin-stabilized space- 
craft in order to extract the maximum information 
from the measurements. 

A precision performance of approach guidance 
moasuroments in real flight assumes also several 
flight calibration procedures to compensate for 
non-random sensor errors. The analysis of such 
calibration techniques is beyond tho scope of this 
paper. 


combined effect of three factors: early bua/probo 
separation date (about 20 days before encounter), 
nnrrov/ entry corridor for probe delivery at 
Uranus, and tho pathologically large ephsmuris 
error of Uranus (see Table 1), In particular, it 
was found that, for the selected probe entry point 
location, tho dispersion of the probe trajectory in 
tho impact plane must bo kept undo*' 2000 km. 

In this section, approach guidance measurement 
geometry parameters are presented for both tho 
Saturn-Uramis and .Tupltor-Uranus missions. For 
tho Saturn-Uranus mission, the measurement 
geometry has been computed for both the Saturn 
flyby and Uranus approach phases. For the 
Jupltor-Urnnus mission, the measurement geom- 
etry has been computed only for tho Uranus 
approach phase since it has been shown (Ref, 6) 
that the guidance accuracy obtalnablo by "radio 
only" navigation measurements would be satis- 
factory at tho Jupiter flyby phase of a Jupitcr- 
Uranus mission, 

Tho physical parameters of Uranus and Saturn 
and their satellites needed for tlio computations 
have boon taken from Refs. l6 and 17, Tho mis- 
sion data used in the computations are those which 
have been determined in Ref, 2 and listed In 
Table 2, 


Table 2, Mission Data Applied 
in tho Analysis 
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V, Pioneer Entry Probe MtsstonB to Uranus 

Regarding delivery accuracy, the most critical 
advanced outer planet Pioneer missions under cur- 
rent study are the I960 Pioneer Entry Probe Mis- 
sions to Uranus via Saturn or Jupiter Flyby. It 
has been shown (Ref. 6) that an onboard optical 
approach guidance measurernont system is essen- 
tial for probe delivery at Uranus because of the 


Tho measurement geometry parameters at 
Uranus approach have been computed for the time 
period starting from 60 days before encounter 
(E-80) and ending at 10 days before encounter 
(B-10), The contemplated primary goal for both 
alternative missions is tho successful delivery of 
an entry probe to Uranus, As seen from Table 2, 
both missions considered in the computations arc 
In tho bus deflected mode (Ref. 2‘'‘). According to 


Oin tho bus deflected mode, the spacecraft and probe arc Initially targeted at tho appropriate entry 
location and, at some point inside the sphere of influence of tho planet, tho probe is separated and the 
spacecraft is deflected to the appropriate nonimpacting trajectory. 


JPL Technical Memorandum 33-726 


5 



provlouH iitudlott (ilofs. 2, 5| and (i^, entry probe 
soparatton from the bus w'^uld take place approxi- 
mately 20 days before Uranus encounter. Optical 
approach culdance moaBurementB, therefore, 
should take place at n time period preceding the 
probe aeparatlon from the bus. 

The deflnUlon of some of the measurement 
geometry psi’ameters Is evplnined In Fig. 5, The 
definition of the other geomovry parameters 
(apparent angular slxo of the objept and apparent 
angular soparatlon of Batolllto from planet limb) 

1b obvious. As seen In Fig, 5, It Is assumed that 
the spacecraft spin axis 1b always pointing toward 
the Earth like the spin axis of the presently oper- 
ational Pioneer 10 and 11 spacecraft. 
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Fig, 5, Definition of Viewing Paramotors 

The apparent brightness m^ of the planet and 
the satclUtcs Is computed according to the known 
formula; 



Fig, 6. Saturn-Uranus Mission, 
Saturn Flyby 


m^ = m^, I » {.r g a + log r] + F(Y) + f(P) 
whisro 

m^l normallaed visual magnitude (VM) 

R; distance from sun to target 

r: distance from spacecraft to target 

F(y); phase angle correction 

f(P): applied only to Saturn, correcting for 

the apparent ring Inclination p relative 
to the line of sight. 

The values of mg for Saturn, Uranus and their 
satellites used in the calculations arc taken from 
Refs, Ifj and 18. 

A, Saturn-Uranus Mission, Saturn Encounter 

In the viewing parameter calculations, four 
Saturn satellites have been considered: Hyperion, 
Titan, Rhea, Dlonc. The primary target candi- 
dates for approach guidance mcasuromonts arc 
Titan and Rhea, Hyperion is too faint and Diono 
is too close to the planet. 

Figs. 6 and 7 show the essential apparent view- 
ing parameter of Saturn, Though Saturn is not a 
viewing target for navigational fixes. Its brightness 
and angular diameter, together with the outer 
ring's angular diameter, should bo taken into 
account In the satellite scanning process, because 
of possible stray light interference, 
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Fig. 7. Saturn-Uranus Mission, Saturn 
Flybyj Saturn and Outer Ring 
Angular Diameter 
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Tlio baste viewing parameters for Titan and 
Rhea \ro shown In Figs, 8 through 10. As soon In 
Fig, 8, the apparent angular diameter of Titan Is 
near to or greater than 20 nrcscc in the time 
period between E-80 and ElO days. Therefore, 

Titan should bo considered as an extended and not 
a polnt-llko object. Even Rhea becomes an 
extended object at E-20 day as seen In Fig. 8, 

The apparent phase angle variations for Titan and 
Rhea are also shown In Fig, 8. When the sensed 
target object appears as an extended body in the 
field of view of the V-sllt sensors, the target's 
phase angle should be taken into account for Inter- 
preting the target's signature. 

As soon In Fig, 9, Titan Is a bright object, and 
can bo visible for a 4 VM sensitivity sensor earlier 
than E-lOO day. However, the maximum apparent 
angular separatloft of Titan from the Saturn ring 
reaches I deg only at E-60 day o.s seen In Fig. 9. 
Tentatively, it is assumed that the apparent aJJgu- 
lar sepasatlon of the scanned satellite from the 
ring (or from the planet limb) should be at least 
1 deg to avoid stray light interference from the 
much brighter planet. 

Fig. 9 shows that Rhea will appear as a 4 V^ 
object at E-65 day, but Its maximum apparent angu- 
lar separation from the Saturn ring roaches 1 deg 
only at B-25 day. However, the orbital period of 
Rhea Is less than 5 days so that at least two com- 
plete orbits can be measured during the time 
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Fig. 8. Saturn-Uranus Mission, 
Saturn Flyby; Satellite 
Viewing Parameters 


DECREE VM 



Fig, 9< Saturn-Uranus Mission, 
Saturn Flyby; Satellite 
Viewing Parameters 


period between E-25 andE-15 days. Note that the 
time difference between three successive peak 
points of the apparent angular separation curves 
corresponds to the orbital period of the satellite. 

The viewing cone angle variations for the four 
Saturn satellites are shown in Fig, 10 which also 
displays the Saturn viewing cone angle for rofcrenc 
In general, the useful satellite viewing cone angle 
must satisfy the following constraint: 

<}-satellite planet 

where 

p: apparent angular diameter of the planet 
(or ring) 

required minimum angular separation of 
the sensor’s field of view from the planet 
limb (or from the ring). 

Note that, in general, the maximum and mini- 
mum points of the satellite viewing cone angle 
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Fig, 10. Saturn-Uranus Mission, 

Saturn Flyby; Satellite 
Viewing Cone Angle 

curves correspond to the situations when the satel- 
lite appears farthest to the left or farthest to the 
right (or vice versa) relative to the planet as seen 
from the spacecraft. As seen in Fig. 10, the use- 
ful satellite viewing cone angles range from 30 to 
35 degrees which can bo considered satisfactory 
for approach guidance measurements. 

Fig, 11 shows the satellite viewing geometry 
for a 3 deg field of view V-siit scanner in the 
actual angular dimensions scaled to the E-ZS day 
conditions. The apparent angular diameter of 
Saturn and Its outer ring has also the proper scale. 
Of course, the ZO arcscc slit width and the apparent 
angular diameter of the satellites are out of the 
scale and only serve illustrative purposes. The 
location of the satellites in their orbit is also 
illustrative only. But the angular extension of the 
orbit is in proper scale. 

The scanned star background with stars down 
to 4 and 5 VM is shown in Figs, IZ and 13, respec- 
tively, The figures also show the path of the spin 
axis pointing in the time period between E-80 and 
E-10 days. For convenience, a continuous time 
history has been plotted for the spin axis pointing. 
Actually, the spin axis would be processed only 
periodically, and stepwise to keep the high gain 
antenna within ~ 0. 3 deg of the earth line-of-sight. 
The apparent orbit of Titan from E-37 to E-Zl day 
is also shown in the figures together with the 
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Fig, U, Saturn-Uranus Mission, 

Saturn Flyby; Satellite 
Viewing Geometry 

apparent location of Saturn, The 3 dog wide 
annular scan of the V-sllt sensor shown in 
Figs, 12 and 13 is centered at the spin axis 
pointing at E-3 0 day. The apparent location of 
Titan at E-30 day is also shown in the figures. 
Since the star background is shown in a Cartesian 
frame, the scanned annular strip appears as a 
distorted circular ring in the figures. It is noted 
that, from spherical trigonometry, the celestial 
coordinates of a small circle in the celestial 
sphere must satisfy the following relation; 

cos <|i = cos (»' - O') cos 6' cos 6 + sin 6' sin 6 
where 

<}>: cone angle (angular radius) of the 
small circle 

6, a: declination and right ascension of the 
center of the small circle 

6', or'; declination and right ascension of the 
locus of the small circle. 

The distorted circles in Figs. 23 and 24 are drawn 
for 6 = -13,26 dog, a = 220, 08 deg, i|> = 33. 7 and 
36, 7 deg, and satisfy the relation quoted above. 

As seen in Fig, 12, the 3 dog wide annular 
atrip contains, in addition to Titan, I star brighter 
than 2, 5 VM and 6 stars with brightness between 
2, 5 and 4 VM, The total 85 dog by 85 deg celestial 
background contains 73 stars brighter than 4 VM, 
or 220 stars brighter than 5 VM, That is, increas- 
ing the sensitivity of the V-slit star mapper from 
4 VM to 5 VM objects would add 147 detectable 
reference stars to that particular celestial back- 
ground, It is soon from Fig. 12 that a 4 VM sen- 
sitivity V-slit star mapper would be suffii'dent for 
approach guidance .measuremontB at Saturn, Note 
also in Fig. 12 how evenly the detectable stars 
are distributed within the annular strip. This 
favorable condition also prevails lor 3 deg annular 
strips with 27 to 30 deg cone angles. 
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. Fig, 12, Saturn -Uranus Mlsslaii, Saturn Flybyj Tracking Titan 
Against Star Background, 'VTvl<4 


B. Satii rn-XIraniiB Misalnn, UranuH Approa rh 

In the viewing parameter calculations, four 
Uranus satellites have been considered. Though 
the primary target candidate for approach guidance 
measurements is Titania, the viewing geometry of 
the other satellites may also have an impact on the 
measurements for reasons to be discussed later. 

Figs. 14 and 15 show the essential apparent 
viewing parameters for Uranus, It is worth not- 
ing in these figures th'it the angular diameter and 
brightness of Uranus as seen from the spacecraft 
during the time period from E-60 to E-40 are in 
the range Of 100-150 arcsec and minus 1. 8 to 
minus 2,7 VM, respectively. Fig. 14 also shows 
the spacccraft-Uranus distance for the corres- 
ponding time period. 

The basic viewing parameters for four Uranus 
satellites are shown in Figs. 16 through 21, As 
seen in Fig. 16, all Uranus satellites can be con^ 
sidcred as point objects prior to E-15 day. 
Approximately at E-10 day, however, the apparent 
angular diameter of Titania, Oberon and Ariel 
becomes 20 arcsec, But the phase angle is favor- 
able as seen in Fig, 17, (Almost full phase. ) 


The satellite brightness curves shown in 
Figs, IS through 20 should bo taken with some 
reservation. Comparing the earth-observed 
brightness data for the Uranus satellites as quoted 
in Refs. 16 and 18, it is safe to state that the data 
have at least ±0, 3 VM uncertainty. It Is noted 
that the angular separations of satellites from the 
planet surface shown in Figs. 18 and 19 are mean 
values. Small periodic variations In the values of 
the apparent angular separation are omitted from 
these figures. 

Fig. 20 gives synoptic displays of the relevant 
"clooe-up" data for viewing Titania and Oberon 
during the time period between E-30 to E-l6 days. 

It is seen from Fig, 18 that Umbriel Is an 
unsuitable observtition object for a 4-th VM sensi- 
tivity terminal guidance optical sensor for the 
time period prior to E-20 days. Even a sensitivity 
increase of the V-sllt sensor to 6-th VM objects 
would not make Umbriel a suitable jbsorvation 
target. Though Umbriel could bo detected with a 
6-th VM sensitivity optical sensor at E-30 days, 
the apparent angular separation of Umbriel from 
the Uranus surface during the time period from 
E-30 to E-20 days is so small (0.35-0,5 deg) 
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that Umbricl should be ruled out as a potential 
observation object for approach guidance. 

Figs, 18 and 19 show that Ariel, Titania and 
Oberon would be 4-th VM objects as seen from the 
spacecraft approximately at E-20 day. As pointed 
out in Ref. 6, at least one complete satellite orbit 
observation is required for satisfactory approach 
guidance calculations. This requirement dictates 
that the sensitivity of the onboard V-slit guidance 
sensor should bo increased at least to S-th VM 
objects since the orbital period of Titania and 
Oberon is 8.7 and 13.5 days, respectively, and 
the probe-bus separation takes place at E-20 day, 
As seen in Figs, 18 through 20, with a 5-th VM 
sensitivity V-slit sensor Titania and Oberon can 
bo detected approximately at E-35 and E-32 days, 
respectively, so that at least one observation of 
their complete orbit can bo performed by the 
onboard sensor prior to E-20 day. Note, however, 
that the apparent angular separation of Titania and 
Oberon from the Uranus surface as seen from the 
spacecraft at E-35 and E-32 days is approximately 
Only 0, 5-0, 8 degree. 

10 


Among the five Uranus sateilUcs, Titania and 
Oberon seem to be the most suitable observation 
objects for approach guidance measurements pro- 
vided that the sensitivity of the V-slit sensor Is 
increased from the presently contemplated 4-VM 
level to the 5 VM level. As to the question of selec- 
tion preference for observing Titania or Oberon for 
approach guidance measurements, Titania is the 
preferred satellite duo to Its shorter orbital period 
(8, 7 days) and somewhat brlglftcr appearance. 

Though Titania and/or Oberon seem the most 
suitable observation objects for approach guidance 
measurements, Ariel may also represent an inter- 
esting alternative: with a 5 VM sensitivity V-slit 
sensor, Ariel could be detected from the spacecraft 
at E-30 day, (Sec Fig, 18. ) Those detection days 
would provide the possibility of observing 3 to 4 
complete orbits of Ariel prior to the E-20 day 
probe-bus separation date, since the orbital period 
of Ariel is 2. 5 days. Note, however, that the 
apparent angular separation of Ariel from the 
Uranus surface as seen from the spacecraft at E-30 
to E-25 days is approximately only 0.4-0, 5 degree, 
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Fig. 14. Saturn-Uranus Mission, 

Uranus Approach 

Tho viewing cone angle variations for four 
Uranus satcliilcs arc shown In Fig, 21 for the time 
period between E-40 and E-l 6 days. For refer- 
ence, the figures also show the Uranus viewing 
cone angle. As seen, the useful satellite viewing 
cone angles are quite narrow. (About 13 and 
15 deg, respectively.) 

Fig, 22 at the end of this subsection shows the 
satellite viewing geomctry_for a 3 deg field of view 
V-slit scanner in tlie actual angular dimensions 
scaled to the E-2S day conditions. The apparent 
angular diameter of Uranus has also the proper 
scale in the figure. But the 20 arcsoc slit width 
and tho satellite angular diameters arc out of tho 
scale of Fig, 22. 

The scanned star background with stars down 
to 4 and 5 VM is shown in Figs. 23 and 24, respec- 
tively. Tho figures also show tho path of the spin 
axis pointing in the time period between E-80 and 
E-10 days. Tho apparent orbit of Tltania from 
E-32 to E-21 day is also shown in the figures 
together with the apparent location of Uranus, The 
3 deg wide annular scan of the V-slil sensor shown 
in Figs, 23 and 24 is centered at the spin axis 
pointing at E-28 day with coordinates 6 = -23. 39 
dog, cr = 262 , 08 dogj the cone angle is ^ = 14 and 
1 1 dog. The apparent location of Tilania at E-28 
day is also shown in tho figures. The construction 
of the distorted small circles in a Cartesian frame 
has been explained previously. 
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Fig. 15, Saturn-Uranus Mission, 

Uranus Approach; Uranus 
Angular Diameter 

As soon in Fig. 23, the 3 deg wide annular 
strip contains, in addition to Tltania, 2 stars 
brighter than 2,5 VM and 3 stars with brightness 
between 2, 5 and 4 VM. The total 40 deg by 40 deg 
celestial background contains 25 stars brighter 
than 4 VM, or 72 stars brighter than 5 VM, 
Increasing tho sensitivity of the V-slit sensor to 
5 VM would also provide a more favorable star 
distribution within the scanned annular strip of 
the sky. 

C. Jupiter-Uranus Mission, Uranus Encounter 

Tho apparent viewing parameters for Uranus 
and its satellites would practically be identical to 
the corresponding parameter values shown pre- 
viously for the Saturn-Uranus mission, (see 
Figs, 14 through 20), except the apparent phase 
angle whicli now becomes oven smaller (about 
4. 5 deg, sec Fig. 25). The evaluation of satellite 
viewing conditions outlined in the previous subsec- 
tion for the Saturn-Uranus mission could be 
repeated here with identical conclusions for the 
Jupiter-Uranus mission. 

Regarding tho viewing cone angles, however, 
there is a significant difference between the 
Jupiter-Uranus and Saturn-Uranus missions. 
Comparing Figs. 26 and 21, it is seen that the 
viewing cone angle for Uranus and its saloliUcs 
becomes even narrower during the Jupiter-Uranus 
mission, (About 7 deg, that is, half of the viewing 


1 1 


JPL, Technical Memorandum 33-726 






Fig. 17. Saturn-UranUB Mission, Uranus 
Approach; Satellite Phase Angle 

cone angle required for the Saturn-Uranus mission.) 
The 7 deg narrow viewing cone angle is quite unfa- 
vorable for making approach guidance measure- 
ments with a V-slit scanner. 


Fig, 18. Saturn-Uranus Mission, 

Uranus Approach; Satellite 
Viewing Parameters 

The scanned star background with stars down 
to 4 and 5 VM is shown in Figs. 27 and 28, 
respectively. The figures also show the path of 
the spin axis pointing in the time period between 
E-aO and E-10 days. The apparent orbit of Titania 
from E-25 to E-l6 day is also shown in the figures 
togothor with the apparent location of Uranus. The 
3 deg wide annular scan of the V-slit sensor shown 
in Figs. 27 and 28 is centered at the spin axis 
pointing at E-20 day with coordinates 6 = -23.28 
deg and o - 26l . 15 deg; the cone angle is 4” = 7- 7 
and 4. 7. Tlie apparent location of Titania at E-20 
day is also shown in the figures. The construction 
of the distorted small circles in a Cartesian frame 
has been explained previously. 


As seen in Fig. 27, the 3 deg wide annular 
strip docs not contain any star brighter than 4 VM. 
But there will be 3 stars with brightness between 
4 and 5 VM within the scanned annular atrip as 
seen in Fig. 28. It is worth noting that the total 
25 dog by 25 dog celestial background contains 
only 6 stars brighter than 4 VM, or 21 stars 
brighter than 5 VM. 
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Fig, 19, Saturti-Urgnua Mission, 

Uranus Approach; Satellite 
Viewing Parameters 

VI, Spacecraft Attitude and Approach 
Guidance Measurements 

The V-slit star mapper is a completely passive, 
strapped-clown measuring device. Since the infor- 
mation to be obtained from the scanning V-slit sen- 
sor for approach guidance is spacecmft/satclUte 
direction in celestial coordinates, tlie basic refer- 
ence for obtaining the desired information is the 
spin axis orientation in celestial coordinates during 
the time when spacecraft-satellite measurements 
arc taken against the detectable star background. 
Thus, to obtain precision information about the ^ 
spacecraft- satellito direction in celestial coordi- 
nates requires a precision determination of the 
spin axis orientation in celestial coordinates. In 
general, therefore, the information accuracy 
requirements have an influence not only on the 
measuremontn accuracy required from the electro- 
optical system (that is, on the accuracy in the 
resolution of time detection of a star pulse), but 
also on the type uf dynamical model for the attitude 
motion of the spacecraft utilized for determining 
the spin axis orientation. 

Multislit star mapper onboard a spin- stabilized 
spacecraft has been successfully applied for atti- 
tude determination of several earth-orbiting satel- 
lites, as for instance, the OSO-7, ATS-III, and 
Project Scanner satellites. (Refs. 10, 13, and 
14, ) Experience shows (see the just quoted ref- 
erences) that the accuracy of the attitude solutions 
depends on two major factors: a) the selected 



Fig, 20. Salurn-UranuB Mission, 
Uranus Approacl^; Satellite 
Viewing Parameters 



Fig. 21. Saturn-Uranus Mission, 
Uranus Approach; Satellite 
Viewing Cone Angle 
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Fig. 22, Saturn-Uranus Mlsaton, Uranua 
Approaclij SatcUitc Viewing Geometry 


dvnamical model for tlic altitudo motion, and 
b) good target geometry, (The in,portanca of 
those factors is expected for theoretical reasons,) 
For instance, for the ATS III satoliito, poor tar- 
get geometry provided only 1,5 arc-mln accuracy 
in the spin axis solution, while a good target 
geometry provided RSS throe axis attitude errors 
in the range from 12 to 20 arc-sec, Target geom- 
etry means the distribution of stars within the 
scanned annulus. For instance, if all stars in a 
spin period are placed within half a period in the 
scanned annulus, then the procession is poorly 
defined. Further, in the case of tlie OSO-7 satel- 
lite, a simple Incrtlally-flxod spin axis model 
provided an attitude solution accurate to 0, 01- 
0. 05 deg (I trorror). But accounting for the nuta- 
tion and wobble of the spacecraft, the approximate 
error per data sample could be reduced to about 
20 arc-sec. Accounting for the nutation and 
wobble of the spacecraft means examining and 
evaluating the fine structure of the residuals of 
the reduced data. 
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Fig, 23, Saturn-TJranua Mission, Uranus Approach; Tracking Titania 
Against Star Background, VM<4 
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Fig. 24. Saturn-Uranus Mission, Uranus Approach; Tricking Tltanla 
Against Star Background; 'VTvI< 5 
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Fig. 25. Jupltcr-Uranus Mission, Uranus 
Approach; Satellite Phase Angle 


The data accuracy required for approach 
guidance measurements is in the order of 10"^ deg 
(= 5-10 arc-seconds). Keeping this in mind 
together with the flight experiences quoted above, 
it is seen that attitude motion modeling is an all- 
important factor to obtain precision approach 
guidance data by a V-sllt sensor. 

The requirement for spin axis pointing accuracy 
for the presently operational Pioneer 10 and 11 
spacecrafts Is 0.3-0. 5 deg. The basic spin axis 
determination technique for Pioneer 10 and 11 is 
the CONSCAN. (Ref. 19. ) The best accuracy 
obtainable by the CONSCAN technique is 0, 1 to 
0.2 deg.* Attempts have been made to verify the 
CONSCAN data by employing the Imaging Photo- 
polarimetcr on Pioneer 10 in the imaging mode, 
(which has a narrow field of view, 0. 03 deg) to 
observe stars, and using the celestial coordinates 
of the identified stars to obtain a solution for the 


G, Schlmmcl, NASA/Ames, private communication 
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Fig. 26, Jupiter-UranuB Mission, Uranus 
Approach; Satolllto Viewing Cone Anglo 


spin axis orientation by splierical triangutation. 
The solution obtained was within 0.07 dog of the 
spin axis orientation determined by the CONSCAN 
technique. 

To obtain experimental data for spin axis sta- 
bility of Pioneer-typo spacecrafts at the 0.01 deg 
or lower rcoolutlon level, flight measurements 
wore proposed and recently performed on Pioneer 
10 by using the Imaging Photopolarlmeter locked 
on Jupiter for an extended period of time. (6 and 
28 liours). The measurements are described in 
some detail in the Appendix at the end of this 
paper. 

VII. Discussion of Roaults 

As seen in Section V the V-slit star mapper 
must deal with two distinctly different satollito 
viewing parameters at Saturn and Uranus. If 
we select Titan and Rhea at Satu* i and Titania 
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Fig. 27. Jupiter-UranuB Mission, .Uranus Approach; Tracking Titania 
Against Star Background, VM < 4 


•I'Ll. Doose, University of Arizona, Tucson, Az, private communication 
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Fig. 28. Jupiter “Ur anus Mission, Uranus Approach; Tracking Titania 
Against Star Background, VM < 5 


and Oberon at Uranus as targets Tor approach 
guidance nioasuremcnts, then the difference can 
be summarized as follows; 

1. The two target satellites at Saturn are 
brighter than the two target sateilifos at Uranus 
by 1 . 5 to 2,5 VM. Consequently, using a given 
sensitivity V-slit sensor (say 4 VM), the Saturn 
satellites can be detected much earlier than the 
Uranus satellites, The detection time difforeivi-'e 
amounts to several weeks flight time. 

2 . The orbital distance and period of the 
Saturn satellites provide more favorable measure- 
ment procedures than the orbital distance and 
period of the Uranus satellites. 

3. The satellite viewing cone angle at Saturn 
flyby is much better tljan the satellite-viewing 
cone angle at Uranus approach. In fact, the sat- 
ellite viewing cone angle at Uranus for the Jupiter- 
Uranus mission is extremely low (7 to 9 deg) which 
may render the V-slit sensor measurements quite 
difficult. 

4. Viewing Titan constitutes a unique case due 
to the large body (radius) of Titan. While all other 


Saturn and Uranus satellites can bn considered as 
true point objects (few arcsec angular diameter) 
at E-30 day, Titan's apparent angular diameters 
exceed 20 arc-sec already at E-50 day, 

A 4 VM sensitivity V-slit star mapper would be 
sufficient for approach guidance measurements at 
Saturn. However, a 5 VM sensitivity V-slit star 
mapper would be required for a safe approach 
guidance measurement performance at Uranus. 

Regarding stray light interference, there are no 
established bounds on the minimum apparent angu- 
lar separation of the observed object from the 
planet surface when a V-slit sensor is used for 
approach guidance measurements. As pointed out 
in Section V, the requirement to observe the 
Uranus satellites at earlier preencounter days by 
using a higher sensitivity V-sUt sensor will inevi- 
tably lead to a very narrow observation geometry 
which may decrease the signal to noise ratio below 
the critical level. 

Two alternative ideas can be suggested whiclt 
could ease the approach guidance measurement 
problem at Uranus using a V-slit sensor. 
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1, UpoBBiblo, chango the probo-buB Bopnration 
day from E-2t0 day to E-15, or preferably to E-10 
day. Examining Figs. 16 through 20, It Ifl aeon 
that the brlghtncea and geometry conditions for 
satellite viewing are conaiderably better during 
the time period from E-20 to E-10 days as com- 
pared to the conditions during the time period 
from E-35 to E-20 daya. 

2. Instead of the Batollltea, Uranus Itaolf 
could bo the object for V-sllt sensor approach 
guidance mo.'isuromonts. As seen In Figs. 14 
and 15, Uranus 1b brighter than minus 1.5 VM 
and Its angular diameter is between 100-200 arc- 
sec as soon from the spacecraft during the time 
period from E-60 to B-40 days. If the planet cen- 
ter could bo determined, for Instance, within 

8 arc-sec accuracy during this time period using 
V-sllt sensor moasuromonts, then a rough esti- 
mate shows that the presently predicted 10“* Km 
navigation error at Uranus could bo reduced by a 
factor of 5, Ilegardlng Uranus tracking by a 
V-sllt sensor, several possible instrumentation 
and data evaluation techniques could bo oxplotod. 

It may even bo feasible to track Uranus by a 
V-slIt sensor at a closer approach (say, in the 
time period from E-30 to E-10 days) and obtain 
considerable reduction in the delivery error. An 
Improved Imaging Photopolarlmoter combined 
with a V-sllt reticle (as discussed in Ref. 9) may 
also bo applicable for Uranus tracking against the 
star background to reduce terminal navigation 
error. 

Tracking Uranus implies the sensing of an 
extended body by the V-sllt star mapper. The 
Implications of extended body sensing by a V-sllt 
star mapper Is beyond the scope of this paper. 
However, as pointed out previously, sensing 
Titan at Saturn approach already implies the 
sensing of a nonpoint, extended object. Titan is 
a prime target candidate for approach guidance 
measurements at Saturn appro, h. Thus, the 
Investigation of extended body sensing by a V-sllt 
star mapper servos a more general interest. 
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APPENDIX 

MEASUREMENT OF LONG TERM SPIN AXIS STABILITY OF PIONEER 10 


To obtain 20 arceec or hotter approach guldanco 
moaBuremont accuracy from u star/target map 
genoratod by a sonoor strappod down’to a 

spinning apacocraft, it is required to know about 
the apin axia behavior of the spacecraft on a 20 
arcsec or bettor resolution level. 

An optical measurement experiment was 
recently defined and carried out on Pioneer 10 to 
investigate the long term stability of the spacecraft 
spin axis at a 20 arcsec resolution level, This 
level of resolution is not obtainable from the stan- 
dard CONSCAN attitude measuren.znts, The opti- 
cal measurements employed the onboard Imaging 
Photopolarlmotor (IPP) in the imaging mode which 
has a 0.5 mrad (100 arcsec) square field of view. 

(A detailed description of the IPP can bo found in 
Ref. 20.) The experiment was defined as follows. 

Consider the IPP locked on Jupiter In the 
imaging mode for an extended period of time 
when the apparent light-reflecting angular 
diameter of Jupiter is con.'pirablo to the 
100 arcsec field of view of the sensor. The 
intensity variation of the integrated bright- 
ness signatures of Jupiter as recorded by 
the IPP would indicate changes in the appar- 
ent cone angle of Jupiter as seen from the 
spacecraft, while the shift of the brlghtnoss 
signatures In the roll sectors would indicate 
changes in the apparent clock angle of Jupltor 
as soon from the spacecraft and referenced 
to the Sun. Subtracting sensor noise and the 
relative natural motion of Jupiter in the cone 
and clock angle directions from the recorded 
intensity signatures, the residual variations 
would indicate small changes in the inertial 
orientation of the spacecraft t,‘pin axis during 
the same time period. The main point of the 
measuremento is to detect small variations 
(loss than 20 arcsec) in spin axis orientation 
and study the characteristics of the detect- 
able variations. 

Two measurement experiments were carried 
out. The first experiment on May 27-28, 1974 had 
the IPP pointing cone angle (look angle) locked on 
Jupiter nearly for 8 hours which provided about 
2400 subsequent scannings of Jupiter . The second 
experiment was on June 18-19, 1974. This time, 
the IPP look angle was locked on Jupiter ne.irly 
for 28 hours which provided about 8400 subsequent 
scannings of Jupiter. 

Fig. A-1 shows the viewing parameters of 
Jupiter relative to Pioneer 10 during Aprll- 
September, 1974. As seen in Fig. A-1, the 
apparent siac of the total Jupiter disk was about 
210-200 arcsec during late May and mid Juno. 

But the phase angle of Jupiter during the same 
time period was about 110 degrees so that the 
illuminated part of the Jupiter disk (a crescent) 
was at most 90-95 arcsec wide in the cone angle 
direction. That it, Jupiter as seen from Pioneer 
10 during late May and mid June was a 200-210 
arcsec long and 90-95 arcsec wide bright object in 
the clock and cone angle directions, respectively. 
This means that the IPP with the 100 arcsec square 
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aperture could sense Jupltor in three subsequent 
roll sectors and at two subsequent look angles 
each by 100 arcsec apart as shown in Fig, A-2. 
These predictions were clearly verified during 
the search process for Jupiter. 


ARCSEC 



PHASE CONE 



Fig. A-1. Jupiter Viewing Parameters 
Relative to Pioneer 10 



Fig. A-2. Scanning Jupiter from Pioneer 10 
with tlie IPP in the Imaging Mode in 
May/june 1974 
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It ib alao ••rn In Klg. A* I th<»t the con* angle 
o( Jupiter relative to Htoneer 10 wa* decreaiing 
during late Klay and rnid June- Thl* mean* that* 
in the cone angle direction, Jupiter will m /e 
toward the Sun relative ti> a fixed IHP look angle 
a* time goe* on. Therefore, tf the look angle 
poaition ia initially aelected ao that the 100 arc- 
aec field of view coniaina the dark limb aide of 
the Jupiter dlak (aee look angle poaition no. I on 
the right part of Fig. A-J) then the 100 arcaec 
aquare aperture of the IPH locked on that look 
angle will cover leaa and leaa illuminated aeg- 
menta of the Jupiter diak aa time goea or., (See 


look angle poaition no. i on the left part of Fig. 
A*J.) Thla meaaurement rationale waa followed 
in the aecond experiment. 

|.'ig. A- 3 ahowa aeveral aet* of aamplea of the 
IPP Intenaity output from the aecond meaaurement 
experiment, lioth the red and blue channel out* 
puta are ahown. (It ia noted that the blue channel 
outputa contain conaiderable ahot noiae which ia 
not aubtracted from the diaplayed hiatograma. 
Typically, the valuca ahown in the firat and laat 
roll aectora of the blue intenaity hiatograma are 
nearly equal to the inatrument noiae.) The 
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Fig. A-3. Scanning Jupiter in June 1974; Output Samples from the IPP in the Imaging Mode 
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It lb alao Boon In Fig. A- 1 tl'U cono angle 
oI Jupiter relative to Pipnoor 10 was decreasing 
during late May and mid Juno, This moans tliat, 
in the cone angle direction) Jupiter will m »/o 
toward the Sun relative to a fixed IPP look angle 
as time goes on. Tlioroforo, if the look angle 
position is initially selected so that the 100 arc- 
sec field of view contains the dark limb side of 
the Jupiter disk (see look angle position no. 2 on 
the right p,art of Fig. A-2) then the 100 arcsec 
square aperture of the IPP locked on that look 
angle will cover less and leas illuminated seg- 
ments of the Jupiter disk as time goes on, (See 


look angle position no, 2 on Ujo loft part of Fig, 
A-2.) This measurement rationale was followed 
in the second experiment. 

Fig, A-3 shows several sets of samples of the 
IPP Intensity output from the second measuromont 
experiment. Doth tlio red and blue cltanncl out- 
puts are shown. (It is noted tliat the blue channel 
outputs contain considerable shot noise which is 
not subtracted from the displayed histograms. 
Typically, the values shown in the first and last 
roll sectors of the blue intensity histograms are 
nearly equal to the instrument noise,) The 


OAYt 168 
CMT 2).84.06 


OAYi IM 
GMT 08.28. M 

I 1 


DAY, 169 OA'fi 11® 

CMI 19.01,18 CMI 02,28,41 

- 



Roa stems 


Fig. A-3. Scanning Jupiter in June 1974 ; Output Samples from the IPP in the Imaging Mode 
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bottom loft histograms arc among the first recorded 
data> and the upper right histograms arc among the 
last recorded data. They are separated by about 
27 liours. The time sequence of the histograms in 
each column starts at the bottom. Eadt column 
shows the IPP outputs in five subsequent revolu- 
tions covering 1 min time history per column. The 
time separation between the four columns can be 
seen from the Day/CMT time of data taking indi- 
cated at the top of the figure . 

The overall decrease of the recorded intensity 
with time is clearly seen in Fig. A- 3 as predicted. 

A rough calibration relating the change in the total 
light intensity to the relative natural motion of 
Jupiter in the cone angle direction during 27 hours 
shows the following results. The rate of cone angle 
decrease calculated from the actual trajectory and 
the nominal spin axis pointing is about 0.0002 dog/ 
hotir which gives 0,0054 deg (~20 arc-sec) relative 
motion In the cone angle direction. This is nearly 
one fifth of the widest illuminated part of the 


Jupiter disk in the cone angle direction. If the 
scanning cone angle in position no, 2 was initially 
so as indicated in the right part of Fig. A-2 (which 
agrees reasonably with the initial observations in 
positions 1 and 2) and if wc move the cone angle by 
about 15-20 arcscc to the left (see the left part of 
Fig. A-2), it would produce about 50-607o decrease 
in the scanned illuminated part of the Jupiter disk 
which checks reasonably well with the observed 
value. Of course, this rough calibration only 
shows that position changes in the cone angle direc- 
tion can bo observed at least down to the 20 arcsec 
level. It does not moan that there is a spin axis 
Wobble with that amplitude. It only means that 
wobble witli that amplitude should be detectable. A 
visual evaluation of selected segments of data did 
not reveal spin axis wobble on the 20 arcsec level. 
Further computer analysis is planned on the data 
obtained to extract the underlying information from 
the measurements in a reliable and systematic 
manner. It is expected that the final data analysis 
will yield results better than 10 arcsec. 
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